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Using a five-step atomic layer deposition (ALD)-anneal (DADA) process, with 20 ALD cycles of

metalorganic precursors followed by 40 s of rapid thermal annealing at 1073 K, we have developed

highly crystalline Hf1�xZrxO2 (0 � x � 1) thin films (<7 nm) on �1 nm ALD Al2O3 passivated Ge

and Si substrates for applications in higher-k dielectric metal oxide semiconductor field effect transis-

tors below 10 nm technology node. By applying synchrotron grazing incidence x-ray d-spacing

maps, x-ray photoelectron spectroscopy (XPS), and angle-resolved XPS, we have identified a mono-

clinic to tetragonal phase transition with increasing ZrO2 content, elucidated the role of the Ge vs Si

substrates in complete tetragonal phase formation (CTPF), and determined the interfacial characteris-

tics of these technologically relevant films. The ZrO2 concentration required for CTPF is lower on

Ge than on Si substrates (x � 0.5 vs. x � 0.86), which we attribute as arising from the growth of an

ultra-thin layer of metal germanates between the Hf1�xZrxO2 and Al2O3/Ge, possibly during the first

deposition and annealing cycle. Due to Ge-induced tetragonal phase stabilization, the interfacial

metal germanates could act as a template for the subsequent preferential growth of the tetragonal

Hf1�xZrxO2 phase following bottom-up crystallization during the DADA ALD process. We surmise

that the interfacial metal germanate layer also function as a diffusion barrier limiting excessive Ge

uptake into the dielectric film. An ALD Al2O3 passivation layer of thickness �1.5 nm is required to

minimize Ge diffusion for developing highly conformal and textured HfO2 based higher-k dielectrics

on Ge substrates using the DADA ALD process. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4963166]

I. INTRODUCTION

Although hafnia based gate dielectrics have been success-

fully integrated into very large scale integration (VLSI)

technology at the 45 nm node,1–3 continued device scaling

introduces a performance bottleneck for Si-based complemen-

tary metal oxide semiconductor field effect transistors

(MOSFETs).4,5 For superior device performance at sub 10 nm

nodes, germanium is being considered as an alternate channel

material, owing to its intrinsic high mobility (electrons:

3900 cm2 V�1 s�1; holes: 1900 cm2 V�1 s�1)6 and relative ease

of integration into the existing Si-based technology.4,7

However, desorption of the native oxide of Ge at a relatively

low temperature (�675 K) is a major concern and further

improvements are required in the physical and chemical pro-

cesses employed during device fabrication under the scope of

the existing technology.5,8 In this regard, ultra-thin layers of

Al2O3 have shown great promise as a defect passivation layer

in Ge devices.9–11 To continue equivalent-oxide-thickness scal-

ing and enhance gate dielectric performance beyond the 10 nm

technology nodes, research and development efforts are pro-

gressing on two fronts: (1) by introduction of new higher-k

dielectrics via crystal structure engineering, e.g., HfO2 and

ZrO2 mixtures using unique atomic layer deposition (ALD)

schemes, and (2) by integration with high-mobility Ge chan-

nels with passivation and performance improving interfacial

layers such as Al2O3.
5

The mixed oxides of HfO2 and ZrO2 are promising candi-

dates for higher-k gate dielectrics because they offer the com-

bined benefits of a reasonably wide band gap, adequate

conduction, and valence band offset with respect to the chan-

nel material, excellent thermal stability, greater controllability

of equivalent-oxide-thickness scaling with acceptable leakage

current density,4,5,12,13 and the possibility of realizing very

high dielectric constant (k> 50) gate dielectrics by engineer-

ing the crystal structure to be stabilized in the higher-k tetrag-

onal or cubic phase.14,15 In addition, choice of favorable

annealing temperatures, superior ALD processes, and the

nature of the semiconductor substrate are critical for improv-

ing the interfacial qualities and structural properties of higher-

k dielectrics without degradation of the electrical performance

of the deposited films.16 Combining compositional alloying

and a cyclical atomic layer deposition-anneal (DADA) pro-

cess, we have successfully shown the completion of higher-k

tetragonal phase formation in Hf1�xZrxO2 (0� x� 1) thin

films directly deposited on silicon substrates.17–19
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Albeit there are numerous reports on physical and elec-

trical characterization of hafnia and zirconia based gate

dielectrics,4,5,12,13 a systematic study of the effect of the sub-

strate (Ge vs. Si) on the structural and interfacial properties

of the ALD dielectric Hf1�xZrxO2 (0� x� 1) thin films sub-

jected to a cyclical deposition and annealing scheme has not

been reported previously. In this work, we carry out a com-

parative investigation of the role of interfacial layer and

ZrO2 concentration in higher-k tetragonal phase formation in

100 ALD cycle Hf1�xZrxO2 (0� x� 1) thin films on Al2O3

passivated Ge and Si substrates using a DADA process. The

films are grown in a 5-step DADA process where a 40 s rapid

thermal anneal is performed at 1073 K after every 20 cycles.

The cycle ratios for the metal-organic precursors

tetrakis(ethylmethylamido)hafnium(IV) (TEMAH) and tetra-

kis (ethylmethylamido) zirconium(IV) (TEMAZ) were var-

ied to obtain a homogeneous compositional spread of HfO2

and ZrO2, respectively.17,19,20 The DADA ALD grown films

are highly conformal and possess excellent uniformity and

control over atomic scale thickness due to the self-limiting

surface reaction mechanism inherent in the ALD pro-

cess.16,21,22 The use of the DADA ALD process allowed

deposition of highly conformal dielectric films having fiber

texture, reduced leakage, and fewer defects. Applying a com-

bination of grazing incidence d-spacing maps (GI-DSMs), x-

ray photoelectron spectroscopy (XPS) and angle-resolved

XPS (ARXPS), we show that a metal germanate (MGeOy;

M¼Hf, Zr) rich interfacial layer (IL) could act as a suitable

template for complete tetragonal phase formation (CTPF)

with a smaller critical amount of ZrO2 in Hf1�xZrxO2 dielec-

tric films grown on Ge substrates. The IL may also act as a

barrier to subsequent Ge diffusion up the dielectric stack.

II. EXPERIMENTAL

A. Atomic layer deposition of the thin films

On top of a clean 300 mm Si (100) wafer, a thin buffer

layer of graded SiGe was grown followed by the epitaxial

growth of approximately 300 nm of Ge as the Ge-substrate.

The native oxide of Ge was carefully removed using anhy-

drous HF and NH3 gases. Next, �1 nm of Al2O3 was atomic

layer deposited on both the cleaned Ge and Si substrates

using trimethylaluminum (TMA) as the precursor and H2O

as the oxidant. The higher-k dielectric films of Hf1�xZrxO2

(0� x� 1) were deposited using a DADA ALD process on

top of the Al2O3 passivated Si and Ge substrates. Along with

H2O as the oxidant, TEMAH and TEMAZ were used as the

precursors for HfO2 and ZrO2 atomic layer deposition

(ALD), respectively. A total of 20 ALD cycles were carried

out at 523 K. One cycle consisted of the following sequence:

precursor exposure, inert gas purge, oxidant exposure, and

inert gas purge. The varying values of x (�0, 0.25, 0.33,

0.50, 0.86, and 1.0) were obtained by varying the cycle ratio

of TEMAZ and TEMAH containing steps during each depo-

sition step and were verified by XPS. After the first deposi-

tion step of 20 ALD cycles, the films were annealed for 40 s

at a temperature of 1073 K after vacuum-transferring the

wafers into a rapid thermal annealing chamber connected to

the ALD chamber on a common platform. Each deposition

and anneal constituted one step of the DADA scheme. A

total of 5 such steps were carried out in order to obtain the

100 ALD cycle DADA Hf1�xZrxO2 (x¼ 0, 0.25, 0.33, 0.50,

0.86, and 1.0) thin films deposited on �1 nm Al2O3 passiv-

ated Ge and Si substrates. A total of 12 thin film stacks were

prepared for this study.

B. Grazing incidence x-ray diffraction and d-spacing
maps

The room temperature grazing incidence x-ray diffraction

(GI-XRD) measurements were done at the G2 beamline of the

Cornell High Energy Synchrotron Source (CHESS) using

x-rays of energy 11.27 keV and 11.24 keV for the films grown

on Ge and Si, respectively. The experimental setup and

the various motor displacements are shown in the Appendix

(Fig. 4). At the CHESS G2 beamline,23 the x-ray beam is

wide in the horizontal direction (�2.0 mm) and narrow

(�0.2 mm) in the vertical direction giving access to a large

diffraction volume which is highly suitable for GI-XRD stud-

ies of thin films. The thin films were mounted at the center of

a six-circle diffractometer (kappa-style) using a vacuum

chuck and initial alignment (i.e., making the film surface par-

allel to the incident beam) was made using a wall mounted

alignment laser. The final alignments for grazing incidence

geometry were done using computer controlled motors con-

nected to the kappa-diffractometer such that the x-ray beam

was incident at �0.5� and �0.35� for the films grown on Si

and Ge, respectively. Using the kappa-diffractometer and a

linear detector, we were able to access a large portion of the

reciprocal space, while the incident angle and foot-print of

the x-ray beam (on the thin films) were kept constant during

the sample and detector rotations. A linear detector with 640

channels and fitted with Soller slits was used for collecting

the diffracted x-rays such that the beam foot-print-induced-

degradation of the resolution of the in-plane scattering angle

(at grazing incidence geometry) was limited up to �0.1�

(angle of the Soller slits). The detector and the film were

rotated by maintaining the Bragg condition between the film

rotation (x) and the horizontal rotation of the linear detector

(�). The linear detector could move in the vertical direction

(d) also while keeping the distance with the center of the

kappa-diffractometer (where the sample is mounted) constant.

A series of x-2� scans were collected at different values of d.

These motor-scans were converted into grazing-incidence

reciprocal space maps (GI-RSMs) by using a Matlab code

available at the G2 beamline by taking into account the exper-

imental geometry and the relationships between the various

motor displacements24 during the transformation.

For ease of indexing, phase identification, and analysis

using scripts written in Python language, the GI-RSMs were

converted into grazing-incidence d-spacing maps (GI-

DSMs). A representative plot of GI-RSM to GI-DSM con-

version is shown in the Appendix (Fig. 5). A lower angle of

incidence (�0.35�) was used for the films grown on the Ge

substrate in order to minimize the Ge fluorescence (giving a

high-background) whose characteristic emission lines are

close to the x-ray energy used in this study. Out of all the

elements present in our thin films (O, Al, Si, Ge, Zr, and Hf),
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only Hf and Ge have some characteristic emission lines close

to the x-ray energy used in this study (Table I in the

Appendix). As such, most of the grazing incidence maps

show some fluorescence background, although the effect is

minimized in the case of films not containing Hf or for films

deposited on the Si substrate.

The full GI-DSMs and the v-integrated GI-XRD data

after subtraction of a polynomial background for both sets of

100 ALD cycle DADA Hf1�xZrxO2 (0� x� 1) films grown

on �1 nm Al2O3 passivated Si and Ge substrates are dis-

cussed in the Appendix (Figs. 6 and 7). Although the full GI-

DSMs are found useful for phase identification, a specific

portion of the GI-DSMs were used for the quantitative analy-

sis presented in Fig. 1.

C. X-ray photoelectron spectroscopy (XPS)
and angle-resolved XPS (ARXPS)

A monochromatic Al Ka x-ray source in conjunction

with a hemispherical sector analyzer was used to collect the

XPS and ARXPS data, at a base pressure of �6.0 �
10�9 Torr, using a Thermo Scientific Theta Probe

TM

system.

Energy steps of 0.1 eV and pass energy of 100 eV were used.

The XPS and ARXPS spectra were charge corrected with

respect to the C 1 s peak at 284.8 eV. The ARXPS spectra

were measured without tilting the sample using a 16 channel

angular dispersive detector over an angular range of �25� to

81�. To minimize the effect of elastic scattering,25,26 data up

to 60� were used for ARXPS modelling. The data were

angle-summed up to 60� in order to obtain the standard XPS

spectra. Details of the ARXPS modelling and the tables for

binding energy (BE) calculated from XPS are provided in

the Appendix.

III. RESULTS AND DISCUSSION

A. Complete tetragonal phase formation (CTPF)

A monoclinic (m) to tetragonal (t) phase transition

occurs with increasing amount of ZrO2 in the DADA

Hf1�xZrxO2 thin-films deposited on Al2O3 passivated Si and

Ge substrates. The indexing and structure determination of

the dielectric films conforming to monoclinic (P21/c) and

tetragonal (P42/nmc) space groups are presented in detail in

the full GI-DSMs in the Appendix. In order to quantify the

amount of ZrO2 required for CTPF in these films, we con-

centrated on a portion of the GI-DSMs, where certain mono-

clinic and tetragonal peaks coexist (see Fig. 1(a)). The

localization of the Bragg peaks along the v-axis indicates

preferential orientation along certain crystallographic direc-

tions. The m{111} peaks become weaker and the t{111}

peaks intensify with increasing ZrO2 content. In Fig. 1(a),

we also show the v-angle integrated x-ray diffraction (XRD)

plots obtained from the respective GI-DSMs.

The m-t transition is accompanied by an increase in the

lattice component of the dielectric constant13 and expected

to increase the overall value of the dielectric constant from

k� 16 in the monoclinic phase to a much larger value in the

tetragonal phase (ideally k� 50).14,15,27 The composition

dependent m-t phase transition is consistent with Gibbs free

energy calculations which show that the contribution of the

surface energy term becomes dominant over the bulk energy

term for ZrO2 based films smaller than �7 nm.28 We fitted

Voigt line-shapes to the XRD plots in Fig. 1(a) and calcu-

lated the normalized integrated peak area (IPA) ratio

[¼ tIPA/(tIPAþm1
IPAþm2

IPA)] in order to quantify the ZrO2

content required for CTPF, as shown in Fig. 1(b). The m-t
transition is first observed at the same value of x � 0.25 for

films grown on Si and Ge. With increasing x, the IPA for the

tetragonal peaks increases and that for the monoclinic peaks

decreases. The change is more remarkable for films grown

on Ge where CTPF is achieved at x � 0.5 as compared to the

films grown on Si where a larger ZrO2 content (x > 0.5 and

close to 0.86) is required. As both sets of films are prepared

following the same DADA ALD process, we attribute

the apparent lowering of ZrO2 concentration for CTPF

in films grown on the Ge substrate to defect mediated ther-

mal diffusion of Ge from the substrate into the Al2O3 passiv-

ation layer and above. Shibayama et al. have shown that

a stable aluminum germanate complex could form at the

ALD� 1 nm Al2O3/Ge interface by a low activation energy

Ge-diffusion process.29 Since the annealing step during the

DADA process on �1 nm Al2O3 passivated Ge was done at

FIG. 1. (a) The m-t transition for the Hf1�xZrxO2 films deposited on Al2O3

passivated Si and Ge substrates with increasing ZrO2 content. The m{111}

peaks gradually evolve into t{111} peak with increasing x. The v-angle inte-

grated XRD data are fit with Voigt line shapes to calculate (b) the normal-

ized integrated peak area (IPA) ratio and determine the value of x for CTPF

in both sets of films.
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1073 K, it is likely that a small fraction of Ge atoms dif-

fused29 onto the top surface of the Al2O3 passivation layer.

The dangling bonds on those Ge-atoms are expected to be

passivated by the O-atoms during the Hf1�xZrxO2 deposi-

tion,30 thus forming a metal germanate rich IL at the inter-

face. Since the presence of Ge is expected to aid the

formation of the tetragonal phase in HfO2 and ZrO2 dielec-

trics,27,31–33 we speculate that the metal germanate rich IL is

in the tetragonal phase and acts as an template34 for CTPF at

lower ZrO2 concentration in films grown on Al2O3/Ge.

B. XPS results

XPS and ARXPS measurements were applied to study the

formation of the metal germanate (MGeOx; M¼Hf, Zr) rich

IL in these films. Figs. 2(a)�2(d) show the Hf4þ 4f and Zr4þ

3 d core electron binding energy (BE) regions measured by

XPS for the Hf1�xZrxO2 films deposited on Ge and Si sub-

strates (also see Table II in the Appendix for BE values). Two

primary observations from the XPS results are as follows: (1)

The BEs of the Hf4þ 4f and Zr4þ 3 d core electrons increase

slightly with the ZrO2 content for films deposited on both types

of substrates, and (2) the BEs of the Hf4þ 4f and Zr4þ 3 d core

electrons of the films grown on Ge are found to be �0.3 eV

higher than the BEs of those deposited on Si. The small

increase in BE with x (�0.1 eV overall from HfO2 to ZrO2

films) can be explained by taking into account the decrease in

the M-O bond distances during the m-t transition. An increase

in the nearest neighbor oxygens from seven to eight during the

m-t transition gives rise to slightly shortened M-O bond distan-

ces in the tetragonal phase.35 A shorter M-O bond distance

leads to lesser screening of the electrostatic force between the

nucleus and the core electrons and more tightly bound core

electrons in the tetragonal phase.36,37 The increased BE (by

�0.3 eV) for the films deposited on Ge in comparison to the

films on Si is explained by considering the second nearest-

neighbor effect of Ge37–39 which is present in the IL.

Assuming the co-existence of the M-O-M (higher-k) and M-O-

Ge (IL) type bonding arrangements, the decreased electron

donation from the second nearest-neighbor Ge induces a small

reduction in the electron density on the M-atom.38 The reduced

screening of the core levels of the M-atoms in the IL increases

the overall measured BE values of the Zr4þ 3 d and Hf4þ 4f

core level electrons for films grown on the Ge substrates.

Fig. 2(e) shows the XPS peak for the Zr4þ 3 d region

with three different processing conditions: BE of Zr4þ core

electrons for the post-deposition-annealed (PDA) ZrO2/Ge

and DADA ZrO2/Al2O3/Ge shift towards higher BE side by

�0.7 and �0.5 eV with respect to the as-deposited ZrO2/Ge

stack with a Zr4þ 3d5/2 core electron BE of �182.7 eV. The

BE of Gexþ 2p3/2 core electrons for the same samples is

shown in Fig. 2(f). No XPS signal could be detected in the

Gexþ 2p3/2 region of the as-deposited ZrO2 film, indicating

that Ge is buried deep in the stack. The BE of Gexþ 2p3/2

core electrons for the annealed samples (PDA: �1219.9 eV

and DADA: �1219.8 eV) is smaller than the BE of the Ge4þ

core electrons in GeO2 (1220.40 6 0.20 eV; see Table III in

the Appendix) but higher than the BE of Ge0 core electrons

(1217.34 6 0.14 eV; see Table III). Also the intensity of the

Gexþ 2p3/2 peak for the DADA film is considerably lower

than that of the PDA film. This indicates partial suppression

of Ge-diffusion by the Al2O3 passivation layer, limiting the

FIG. 2. (a)–(d) Binding energies (BEs) of the Hf4þ 4f and Zr4þ 3 d core electrons for DADA Hf1�xZrxO2/Al2O3 on Si and Ge substrates; (e) BE of the Zr4þ

3 d core electrons for the as dep. and PDA ZrO2/Ge stacks, and DADA ZrO2/Al2O3/Ge; (f) BE of the Gexþ 2p3/2 core electrons for the same stacks in (e). The

PDA film in (e) shows the largest shift in BE with respect to the as dep. film due to the presence of a higher fraction of metal germanates in the film. The

reduced intensity and the smaller shift in BE of the Gexþ 2p3/2 core electrons in the DADA film (with Al2O3 passivation layer) indicate that metal germanate

formation is limited to the interface.
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MGeOx formation close to the interface such that the BE of

the Zr4þ core electrons for the DADA ZrO2/Al2O3/Ge film is

in between the as-deposited and PDA ZrO2/Ge films. The

small decrease in BE for the Ge4þ for the DADA film (in

comparison to the PDA film) is an additional confirmation of

MGeOx IL formation in the DADA samples deposited on

Al2O3/Ge.

C. Identification of the interfacial layer (IL)

Parallel ARXPS was used to measure the compositional

depth profile and determine the position of the IL in the

multi-layered gate stack of DADA ZrO2/Al2O3/Ge.

Compositional depth profiles are constructed from the

ARXPS data using a maximum entropy approach40,41 and

the results are plotted in Figs. 3(a) and 3(b). Details of the

ARXPS modelling are provided in the Appendix. Fig. 3(a)

displays the elemental depth profile, indicating that the

majority of the Gexþ 2p3/2 signal is originating from the IL

between the �1 nm Al2O3 and �6.5 nm of ZrO2. As shown

in Fig. 3(b), the presence of �1 nm thick Zr0.5Ge0.5O2 IL

could be deduced from modelling of the ARXPS data (also

see the Appendix). The atomistic sketch of Fig. 3(c),

although not an exact structural representation, is to be used

for visualizing the positions of various elements in the stack.

In practice, the IL is expected to be intermixed with the

Al2O3 passivation layer and a section of the ZrO2 film close

to the interface.

D. Effect of passivation layer thickness on higher-k
phase formation

In Figs. 3(d) and 3(e), we show the effect of incorporat-

ing different thicknesses of the ALD Al2O3 passivation layer

in DADA ALD Hf1�xZrxO2/Al2O3/Ge (x¼ 0.25) which is in

the mixed phase. The relative intensity of the tetragonal peak

is seen to decrease with Al2O3 thickness. The normalized

IPA ratio for the tetragonal phase is higher for the stack with

5 Å Al2O3 due to the presence of a higher percentage of Ge-

atoms at the IL which aids the formation of a tetragonal

phase.27,31–33 With increasing Al2O3 thickness, less number

FIG. 3. (a) Compositional depth profile from the ARXPS data for the DADA ZrO2/Al2O3/Ge film showing the presence of Ge at the IL; (b) ARXPS modelling

done with Zr0.5Ge0.5O2 as the IL composition and adventitious carbon (Adv. C) as the charge reference (284.8 eV); (c) for brevity, a simplified atomistic sketch

drawn in Vesta42 showing the various regions of the stack with the IL sandwiched between the ZrO2 and the Al2O3; for the DADA Hf1�xZrxO2/Al2O3/Ge film

(x¼ 0.25), (d) portion of GI-DSM and (e) normalized integrated peak area (IPA) ratio showing suppression of tetragonal phase formation due to reduction in

Ge-diffusion with increasing Al2O3 thickness.
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of Ge-atoms could diffuse into the IL which in turn decreases

the strength of the tetragonal component. Since excessive

Ge-diffusion across the �1 nm Al2O3 passivation layer could

lead to increased leakage current,6 incorporation of a physi-

cally thicker ALD Al2O3 passivation layer (�15 Å) is

desired for optimal suppression of Ge up-diffusion during

the DADA ALD process.

IV. CONCLUSION

Using a 5-step DADA ALD process, we have developed

preferentially orientated Hf1�xZrxO2 (0� x� 1) films which

crystallize in the tetragonal phase for advanced MOSFET

applications in which Hf-based higher-k dielectrics are desir-

able. Complete tetragonal phase formation is achieved with a

smaller ZrO2 content for films grown on �1 nm Al2O3/Ge as

compared to those on �1 nm Al2O3/Si. By using a combina-

tion of synchrotron GI-DSMs, XPS, and ARXPS, we have

shown that an ultra-thin IL of metal germanate is formed just

above the passivation layer for the films grown on Al2O3/Ge.

It is proposed that during the first deposition and annealing

step at an annealing temperature of 1073 K, Ge thermally

diffused across the defect paths in the Al2O3 layer43 into the

higher-k dielectric, forming a metal germanate rich IL. The

M-atoms (M¼Hf, Zr) in the tetragonal structure of MO2 is

surrounded by 8 oxygen atoms, 4 of which are at a shorter

distance.35 Thus, replacement of some of the M-atoms by

Ge-atoms of smaller ionic radius28 can proceed with minimal

lattice distortion, eventually forming a Ge-stabilized tetrago-

nal structure at the IL which could act as a template34 for

subsequent bottom-up crystallization17 of the 100 ALD cycle

Hf1�xZrxO2 films, thus explaining the requirement for a

smaller amount of ZrO2 for films grown on Ge by the

DADA ALD process. XPS measured binding energy differ-

ences of the Zr4þ 3 d core electrons support the maximum

entropy ARXPS compositional depth profiling which indi-

cates that the IL mostly consists of a network of M-O-Ge

type bonds compared to the M-O-M type bonding arrange-

ment in the bulk of the dielectric film. As such, the metal

germanate based IL could also act as an efficient barrier39 to

prevent further up-diffusion of Ge. Formation of a high qual-

ity interfacial layer is essential for enhancing electrical per-

formance of Ge based higher-k metal-oxide-semiconductor

devices.44–46 Although the DADA process is useful in form-

ing highly textured, tetragonal films expected to be useful in

developing higher-k films with less structural defects, the

electrical performance is critically dependent on the stability

of the passivation and interfacial layers and chemical inter-

diffusion in the deposited stack. Incorporation of a physically

thicker Al2O3 passivation layer (�1.5 nm) provides superior

control over Ge-diffusion into the Hf1�xZrxO2 dielectric film

grown via the DADA ALD process on Al2O3/Ge. The differ-

ence in the tetragonal phase formation trends with composi-

tional alloying for the different substrates highlights the

importance of understanding the role of the semiconductor

substrates and associated mobile species which gives rise to

different chemical and structural properties in various proc-

essing and integration schemes for high mobility substrates

in conjunction with higher-k dielectrics.
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APPENDIX: EXPERIMENTAL SETUP FOR GI-XRD
MEASUREMENTS

Figure 4 shows the experimental setup used at the

CHESS G2 beamline for GI-XRD and GI-RSM

measurements.

FIG. 4. Experimental setup used at the CHESS G2 beamline for grazing

incidence x-ray diffraction measurements showing the Huber 6-circle

kappa-diffractometer, the 4 motors (x, �, d, and z) used during the measure-

ments, the linear detector, and the sample position.

FIG. 5. GI-RSM to GI-DSM conversion. The equations on the left are

used for the representative GI-RSM to GI-DSM conversion shown at the

right. The black and red arrows indicate the positions of certain diffrac-

tion spots and how they transform from the GI-RSM to GI-DSM. The

lower Q values in the GI-RSM transform to higher d and v values in the

GI-DSM.
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TABLE I. Characteristic emission lines for all the elements (O, Al, Si, Ge, Zr, Hf) present in the thin films studied in this work.47 All values are in keV.

Element Ka1 Ka2 Kb1 La1 La2 Lb1 Lb2 Lc1

O 0.525 … … … … … … …

Al 1.487 1.486 1.557 … … … … …

Si 1.740 1.739 1.836 … … … … …

Ge 9.886 9.855 10.982 1.188 1.188 1.218 … …

Zr 15.775 15.691 17.668 2.042 2.040 2.124 2.219 2.303

Hf 55.790 54.611 63.234 7.899 7.845 9.023 9.347 10.516

FIG. 6. Grazing incidence d-spacing maps (GI-DSMs) for Hf1�xZrxO2/Al2O3/Ge. (a)–(f) Representative GI-DSMs and the v-integrated XRD plots of 100

cycle ALD Hf1�xZrxO2/Al2O3/Ge for 0� x� 1. The films gradually transform from lower-k monoclinic phase to higher-k tetragonal phase with increasing

value of x. The sharp spots are coming from the substrate (Sub.). The white rectangle shows the region in the map where m{111} peaks gradually evolve into

t{111} with increasing ZrO2 concentration. This is the same region shown in detail in Fig.1. The indexing is done according to monoclinic (m: black dotted

lines) P21/c with a¼ 5.127 Å; b¼ 5.175 Å; c¼ 5.316 Å; a¼ 90�; b¼ 99.034� c¼ 90� and tetragonal P42/nmc (r: red dotted lines) with a¼ b¼ 5.105 Å;

c¼ 5.243 Å; c/a � 1.03. Complete formation of the tetragonal phase is achieved at a lower ZrO2 content in this set of films as compared to the films grown on

Si substrate.
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Figure 5 shows the conversion of GI-RSMs into GI-

DSMs and the equations used. The conversion into GI-DSM

is useful for indexing and phase identification.

Phase identification from GI-DSM

The monoclinic structure (space group P21/c) is refined

based on the Joint Committee for Powder Diffraction

Standards (JCPDS), powder diffraction file (PDF) No.

780050. The tetragonal structure (space group P42/nmc) is

refined based on the JCPDS PDF No. 080342. The lattice

parameters, derived via Rietveld structure refinement for

monoclinic P21/c (a¼ 5.127 Å; b¼ 5.175 Å; c¼ 5.316 Å;

a¼ 90�; b¼ 99.034� c¼ 90�) and tetragonal P42/nmc

(a¼ b¼ 5.105 Å; c¼ 5.243 Å; c/a � 1.03) space groups,

are in good agreement with previously reported val-

ues.14,15,19,20 The gradual transition from monoclinic to

tetragonal (m-t) phase with increasing ZrO2 content is evi-

dent in these plots. The m-t transition is quantified and bet-

ter understood (see Fig. 1) by focusing in the region marked

by the white rectangle in Figs. 6 and 7. It is worth noting

that in a typical XRD experiment using a lab diffractometer

with a point detector constrained to move along one axis,

most of the observed diffraction spots will not be recorded

which makes phase identification of textured films quite

difficult and tedious. In this regard, the use of GI-DSMs

is extremely useful for structural studies of thin and ultra-

thin films.

FIG. 7. Grazing incidence d-spacing maps (GI-DSMs) for Hf1�xZrxO2/Al2O3/Si. (a)–(f) Representative GI-DSMs and the v-integrated XRD plots of 100

cycle ALD Hf1�xZrxO2/Al2O3/Si for 0� x� 1. The films gradually transform from lower-k monoclinic phase to higher-k tetragonal phase with increasing

value of x. The sharp spots are coming from the substrate (Sub.). The white rectangle shows the region in the map where m{111} peaks gradually evolve into

t{111} with increasing ZrO2 concentration. This is the same region shown in detail in Fig. 1. The indexing is done according to monoclinic (m: black dotted

lines) P21/c with a¼ 5.127 Å; b¼ 5.175 Å; c¼ 5.316 Å; a¼ 90�; b¼ 99.034� c¼ 90� and tetragonal P42/nmc (r: red dotted lines) with a¼ b¼ 5.105 Å;

c¼ 5.243 Å; c/a� 1.03. Complete formation of the tetragonal phase is achieved at a higher ZrO2 content in this set of films as compared to the films grown on

the Ge substrate.
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XPS and ARXPS: Additional information

In Table II, the binding energies of the Zr4þ and Hf4þ are

shown, as determined from peak-fitting of the XPS data

shown in Fig. 3. The measured values are in the expected

range for Zr4þ and Hf4þ binding energies for MO2 (M¼Zr,

Hf) as determined from the values reported in the NIST data-

base48 (see Table III).

Fig. 8 shows the angle-summed XPS plots for Al 2 p

and O 1 s regions along with the relative depth plot (RDP)

generated from the ARXPS data for the ZrO2/Al2O3/Ge

stack. The RDP is generated from an algorithm that com-

pares intensity ratios from bulk sensitive (25�–35�) and sur-

face sensitive (50�–60�) angular ranges. The signal above

60� is not used because of elastic scattering effects.25 From

RDP, the average position of the oxidized Ge in the stack

was found to be in between the Al2O3 passivation layer and

the overlying ZrO2 dielectric. For the ARXPS modelling, a

multi-stack structure with an ultra-thin layer of adventitious

carbon, a thin layer of ZrO2, an ultra-thin interfacial layer

(IL) of zirconium germanate with composition of

Zr0.5Ge0.5O2, and an ultra-thin layer of Al2O3 was used

after taking into consideration the respective inelastic mean

free paths (IMFPs) and attenuation lengths from the appro-

priate NIST database into a multi-stack model using the

maximum entropy approach.25,40,41,49,50 The elemental

depth profiles obtained from the ARXPS modelling are

plotted in Fig. 3(a) and show the presence of a germanium

rich ultra-thin interfacial layer. The compositional depth

profile of Fig. 3(b) clearly shows that this interfacial metal

germanate rich layer has formed between the ZrO2 and the

Al2O3 passivation layer. As expected, the IL extends into

the Al2O3 layer and also into the ZrO2 layer above. The for-

mation of the metal germanate rich IL most likely stops fur-

ther Ge uptake39 after the first deposition-anneal step in our

DADA approach.

TABLE II. Binding energy (BE) and full width at half maximum (FWHM) values for the Hf4þ 4f and Zr4þ 3 d core electrons determined after peak-fitting of

the XPS data shown in Fig. 2 for the 100 ALD cycle higher-k dielectric films. The estimated maximum uncertainty is 6 0.03 eV for all values reported in the
table.

Hf 4f5/2 (eV) Hf 4f7/2 (eV) Zr 3d3/2 (eV) Zr 3d5/2 (eV)

BE FWHM BE FWHM BE FWHM BE FWHM

x Hf1�xZrxO2/Al2O3/Si

0 18.52 1.07 16.86 1.07 … … … …

0.25 18.54 1.06 16.88 1.06 185.11 1.13 182.76 1.13

0.33 18.56 1.06 16.90 1.06 185.20 1.13 182.80 1.13

0.5 18.61 1.06 16.93 1.06 185.22 1.12 182.83 1.12

0.86 18.65 1.06 16.97 1.06 185.24 1.11 182.85 1.11

1 … … … … 185.27 1.10 182.88 1.10

x Hf1�xZrxO2/Al2O3/Ge

0 18.86 1.27 17.19 1.27 … … … …

0.25 18.89 1.27 17.22 1.27 185.301 1.34 182.91 1.34

0.33 18.91 1.27 17.25 1.27 185.36 1.33 182.96 1.33

0.5 18.94 1.26 17.27 1.26 185.40 1.31 183.02 1.31

0.86 19.08 1.25 17.40 1.25 185.50 1.28 183.11 1.28

1 … … … … 185.52 1.29 183.14 1.29

FIG. 8. Angle-summed XPS and relative depth plot for the ZrO2/Al2O3/Ge (x¼ 0) film; the angle summed XPS results for (a) Al 2 p and (b) O 1 s regions

with the O 1 s B peak having binding energy appropriate for oxygen in Al2O3; (c) the relative depth plot calculated from the ARXPS signal showing relative

depths of various components from the top surface. The relative depth plot shows that Gexþ is mostly concentrated in the interfacial layer between the higher-

k and the Al2O3 passivation layer.

TABLE III. Binding energies of Hf, Zr, and Ge core electrons (both elemen-

tal and oxide forms) and their standard deviations calculated from the values

reported in the NIST XPS database till May, 2016.48

State of the core electron Binding energy 6 standard deviation/in eV

Hf0 4f7/2 14.31 6 0.05

Hf4þ 4f7/2 17.24 6 0.81

Ge0 3 d 29.21 6 0.28

Gexþ 3 d (1� x� 2) 29.50 6 0.13

Ge4þ 3 d 32.76 6 0.73

Zr0 3d5/2 178.93 6 0.24

Zr4þ 3d5/2 182.47 6 0.66

Ge0 2p3/2 1217.34 6 0.14

Ge4þ 2p3/2 1220.40 6 0.20
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